Introduction
Laser annealing (LA) is widely applied to various materials and purposes. One of the characteristic features of LA is rapid and selective heating, which is extensively utilized for crystalization of amorphous films on heat-labile substrates. Crystallization of amorphous Si thin films for flat-panel displays using XeCl lasers has been industrialized [1] . On the other hand, another uniqueness of rapid cooling enables amorphization of crystalline films. Indeed, both the features are utilized for recording and erasing onto DVD and Blu-ray optical memory disks using phase-change materials [2] . In the present study, we applied the rapid cooling feature of LA to formation of high-temperature phase of FeS 2 thin films.
FeS 2 of pyrite phase, which is a semiconductor with a bandgap of around 1.1 eV, has attracted great attention as a possible candidate for photovoltaics [3] and photocatalysis [4] . However, FeS 2 has another phase of marcasite, which is thermodynamically stable at temperatures below 445 °C [5] . Since the bandgap of marcasite is around 0.3 eV that is lower than that of pyrite, to suppress marcasite phase growth in fabrication processes is essential, otherwise photo-generated active carriers are trapped in marcasite phase [6, 7] .
Preparation of FeS 2 thin films
We prepared FeS 2 thin films on glass substrates (Corning Eagle XG) by RF-sputter deposition, followed by sulfidation [8] . We used a densely sintered FeS sputtering target, to realize more stable discharge for sputtering than that using an FeS 2 target. The use of partially sulfurized raw materials could enable less remarkable structural change of the films by the sulfidation and resultant dense and smooth morphology compared to the case of an Fe target [9] . The sputtering gas (argon) pressure was set to be 0.5 Pa. The as-deposited samples were set in a tubular furnace with sulfur grains. After evacuating inside the tube, the samples were heated in a N 2 gas flow of 100 ml/min for 30 min., and then naturally cooled. Crystal grains of around 25 nm in size are observed in SEM images of the sulfurized film shown in Fig. 1 . The composition of Fe:S after the sulfidation was confirmed to be 1:2 by EDX measurements.
XRD patterns measured using an Fe X-ray source and the θ-2θ method are shown in Fig. 1 . Pyrite phase grew during the sulfidation process at 400°C, whereas the as-deposited films were amorphous. However, marcasite phase was also formed. A higher sulfidation temperature of 500°C enlarged grain sizes, which was also confirmed by SEM observation (See Fig. 1 ), and decreased lattice defects that were found from more intense and narrower diffraction peaks attributed to pyrite phase, but did not eliminate a small amount of marcasite phase. Although the films were once heated higher than the thermodynamic phase transition temperature of 445 °C to from pyrite phase [5] , they partially changed to marcasite phase during a gradual decrease in the temperature. Therefore, we applied the rapid cooling feature of LA to eliminating the marcasite phase. 
Laser annealing of FeS 2 thin films
To find a suitable LA condition, we first measured absorption spectra of the FeS 2 thin films sulfurized at 500°C. Penetration depth of the irradiating laser i.e., the inverse of absorption coefficient should be close to the film thickness to ensure a homogeneous temperature rise in the depth direction. From the measured result shown in Fig. 3 , irradiation at a wavelength of 532 nm using the second harmonic of a Nd:YAG laser was found to be suitable. Figure 4 illustrates the schematic of the LA set-up. We used a Nd:YAG laser (Spectra Physics, Pro-290) with a pulse duration of 8 ns operating at 10 Hz. To compensate spatial non-uniformity of the output from a second-harmonic generator, we measured spatial profile of the laser beam to design a spatial filter. After passing through several optical components and the spatial filter, the laser beam is focused by a cylindrical lens to be 1 mm×6 mm in size onto the FeS 2 thin films. The sample stage was scanned at 1 mm/s, leading to the condition that the samples were irradiated repeatedly 10 times per scan.
Assuming that heat diffusion is negligible during the laser pulse duration (8 ns) and the temperature completely falls down before next pulse irradiation (within 100 ms), the temperature rise ∆T is related to the incident laser power P in as follows,:
where c, ρ are the specific heat capacity and density of FeS 2 , respectively, d the thickness of the FeS 2 films, S the area of the incident laser beam. To realize ∆T of 500°C at least, which is needed for rapid phase transition from marcasite to pyrite revealed by XRD measurements, P in in the order of 1 mJ was found to be suitable. We analyzed heat conduction in the samples by numerically solving a one-dimensional heat equation in the surface-normal direction, and confirmed that the above-mentioned assumptions stand under the present condition. Fig. 3 Penetration depth of the FeS 2 thin films sulferized at 500°C.
The FeS 2 thin films suflurized at 500°C were laser-annealed at P in = 1.1 mJ under the above mentioned condition. In the XRD pattern after the LA shown in Fig.  2(d) no signal attributed to marcasite appears. This means that the marcasite phase in the films changed to pyrite phase by laser heating, and then quenched. The elimination of the marcasite phase was also confirmed by Raman spectroscopy.
Conclusion
We succeeded in forming high-temperature phase (pyrite) of FeS 2 thin films by laser annealing. Rapid cooling that is a unique feature of laser annealing enabled complete elimination of small amount of low-temperature phase (marcasite) contained in the films formed during the sulfurization, using a suitable laser-irradiation condition (wavelength, power, scan speed). 
